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RESEARCH ARTICLE  
 
Abstract 
Cereal bars are eaten regularly due to their nutritive values and ease of consumption. Furthermore, new cereal 
bars were recently introduced to serve the growing market of functional food. In this work, we aimed at 
developing an innovative sugar-free cereal bar with high protein and fibre content, showing functional effects 
and with improved sensory properties over cognate commercial bars. We developed an innovative recipe by 
substituting honey with a xanthan gum/erythritol mixture as binder, and by manufacturing bars in a 
conventional industrial apparatus. The new formula was characterised by high content of proteins (27.7%) and 
fibres (8.7%), whereas carbohydrates resulted drastically reduced (26.7%). Panel test analysis showed that bars 
hold satisfactory sensory properties (aroma, flavour and taste), whereas some texture parameters were 
positively changed, as hardness and adhesiveness were significantly reduced. In vitro challenge experiments 
showed that the phenolic components isolated from the bar matrix significantly increased the levels of 
glutathione and glutathione reductase in Caco-2 cells, a model of enterocytes (P<0.05). In conclusion, we 
produced a sugar-free cereal bar on an industrial scale with antioxidant properties, and with improved 
nutritional and texture parameters in comparison with a conventional product.   
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INTRODUCTION 
Consumers traditionally choose cereal bars as a quick source of energy before a 
workout or as a meal substitute (Sharma et al., 2014). Cereal bars have gained 
acceptability also because they are considered valuable in nutritional terms 
and, in particular, for their contribution to dietary fiber intake (Dutcosky et al., 
2006). On the other hand, commercial cereal bars showed different nutrients 
and nutritional values, as ingredients may vary greatly. In addition, they have a 
high content of simple sugars, the latter condition being related to the use of 
sugar syrup, palm syrup or honey as binders. More recently, the term 
‘nutritional bar’ has been introduced to cover a wide array of products, 
including energy bars, meal replacement bars, and low-carbohydrate bars, or 
bars targeted to the nutritional needs of diabetics or other special categories 
(Johnson, 2005). Nutritional bars are made using a base of cereals, mainly rice 
or oats, or proteins, mainly soy or whey (Gonzales & Draganchuk, 2003). The 
bars are then fortified using a wide range of vitamins, minerals and oil seeds. 
Nutritional bars are very popular considering that Health and Wellness remain 
a top trend for the food market in Western countries, where obesity and 
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diabetes incidence are continuously increasing. The development of sugar-free alternatives to classical cereal bars 
is then very challenging. Erythritol is a high intensity sweetener, already tested as sucrose replacer in cookies 
manufacturing (Laguna et al., 2013). Xanthan gum is a hetero-polysaccharide of microbial origin, widely used in 
food applications (Meyer et al., 2011; Habibi & Khosravi-Darani, 2017). A significant research focused on non-
digestible polysaccharides forming a colloidal dispersion in water (hydrocolloids) showed that they could behave 
as thickeners. Furthermore, hydrocolloids can modulate different rheological properties, influencing both texture 
and sensory factors (Yang et al., 2020). In this work, we developed an innovative sugar-free cereal bar on an 
industrial scale by using xanthan gum in combination with erythritol as binder. The herein developed mixture was 
used to bind classical and functional dried components to produce a homogeneous dough. The resulting innovative 
bars were analysed for their texture and sensory properties. Finally, a functional (antioxidant) activity present in 
the sugar-free cereal bars was tested by challenge in vitro with Caco-2 cells, an intestinal cell model. 
 
MATERIALS AND METHODS 
 Raw materials 
 Goji berries, flax seeds, sunflower seeds, oat flakes, chopped chestnuts, cinnamon flavour, erythritol, xanthan 
gum, sunflower seed were purchased from Chimpex Industriale S.p.A (Caivano-NA, Italy). High-protein pumpkin 
flour was purchased from Bioenergie Gerhard Wagner GmbH (Deutsch-Kaltenbrunn, Austria). 
 Sugar-free functional bar processing 
 The experimental bar was prepared as follows. Erythritol was dissolved in boiling water at a final concentration 
of 20 % (w/v) in an industrial planetary mixer (Sottoriva SpA, Marano Vicentino-VI, Italy). Next, xanthan gum (3 %; 
w/v) was added and completely dispersed. A 2.0 Kg mixture was then transferred into a pre-heated (100°C) C3-
AUTO cooker (MIA Food Tech, Castiglione Falletto-CN, Italy), equipped with a 110 l double jacked stainless steel 
vessel with oil and electric heating (Fig.1A). The mixing system allowed a double planetary movement to mix 
ingredients and homogenizing the dough. Then, dry ingredients [goji berries (13.7%), flax seeds (7.4 %), sunflower 
seeds (25.2%), pumpkin seed flour (25.2 %), oat flakes (13.1 %), chopped chestnuts (4.5 %)] and cinnamon flavour 
(0.01 %) were added, and the mixture was continuously mixed (30 rpm) for 45 min at 100°C. The resulting dough 
was finally spread in a stainless steel tray, manually cut into bars (30 ± 2 mm, width; 60 ± 3 mm, length), and 
promptly packed. 
 Nutritional profile 
 Control cereal bar data was from the nutrition facts reported on a packaged Kellogg’s cereal bar (Kellogg 
Company, Battle Creek, MI, USA). Sugar-free cereal bar data was based on nutritional tables from US Department of 
Agriculture (U.S. Department of Agriculture) or from Nutrition fact labels. Moisture was calculated by adopting the 
Loss on Drying (LoD) method using a MB90 moisture analyser (OHAUS Europe GmbH, Nänikon Switzerland). LoD 
is expressed as percentage (w/w) resulting from water and any kind of volatile matter that can be driven off under 
specified conditions. 
 Sensory evaluation  
 Descriptive sensory analysis (DSA) (Murray et al., 2001) with a trained panel was used to discriminate and to 
quantify the main sensory attributes of cereal bars. A panel of 10 people, ages 40 to 62 years (five female and five 
male, all technicians or researchers at the Institute of Food Sciences, CNR) with certified past experience in sensory 
evaluation of food, were enrolled. Based on literature data, ten parameters were chosen (Carvalho & Conti-Silva, 
2018). Panelists were trained with two orientation sessions by assessing three commercial cereal bar samples 
manufactured by Italian companies, as standards. This session was used to identify the attributes in the standards 
and assign scores for each one on a scale of 0-10 (0= no appreciation; 5= regular; 10= extremely intense) (Meilgaard, 
1999). Measurements were performed in individual booths. After the orientation session, control and experimental 
cereal bar samples (n=6) were presented and scored, based on training experience. Scores were statistically 
evaluated as mean + standard deviation (SD). The evaluation was repeated three times. 
 Extraction of polyphenol components 
 Twenty grams of samples were ground and extracted three times with 500 ml of 80% (v/v) ethanol for 1 hour 
at room temperature, under argon atmosphere and protected from light. The suspension was centrifuged at 12.000 
g for 20 min at 4°C to recover supernatants. The organic solvent was removed using a rotary evaporator under 
reduced pressure. During the evaporation, water was added back to lower the ethanol content to less than 10%. 
 The extract powder was then generated by freeze-drying the concentrate. The total polyphenol content in the 
extracts was determined following the Folin-Ciocalteu method adjusted to a microscale (Arnouset al., 2001). The 
results were expressed as gallic acid equivalents (GAE) per 100 g of extract. 
 In vitro analysis 
 The Caco-2 intestinal cell line was obtained from the American Type Culture Collection 15 (ATCC, Gaithersburg, 
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MD) and was used between passages 16 and 35. Cells were cultivated in Dulbecco Modified Eagle’s Medium, DMEM 
(GIBCO), 10% FCS (GIBCO), 100 units/mL penicillin-streptomycin (GIBCO) and 1 mM glutamine at 37°C in a 
humidified 5% CO2 atmosphere. 8.0 x 104 cells/ml were plated in six-well plates. Differentiated cells (21 days post-
seeding) were incubated for 48h at 37°C with the different extracts at 50 μmol GAE/l during a 24 h growth period. 
Cell extracts were prepared by homogenizing cell cultures in 50 mM Tris, pH 7.4, 150 mM NaCl and 1% Triton X-
100, containing 2 mM Na3VO4, 1 mM EDTA and protease inhibitors, and stored in aliquots at -80°C. Protein 
concentration was determined by Bradford assay (Bio Rad). Total thiols were quantified as previously described 
(Bergamo et al., 2005). Glutathione reductase (GSR) activity was assayed in cell extracts by using a standard 
protocol (Mavis & Stellwagen,1968). Activity was expressed as nmoles NADPH/mg/min. 
 Statistical analysis 
 Sensory data were analysed by t-test. Biological data from Caco-2 cells were analysed by ANOVA test using 
GraphPadPrism software (version 6; GraphPad Software, La Jolla, CA, USA). Significant differences were reported 
for  
P < 0.05. 
 
RESULTS AND DISCUSSIONS    
 Industrial manufacturing of an innovative sugar-free cereal bar 
 The ingredients normally used to agglutinate bar components are a mixture of natural sweeteners (honey, 
brown sugar syrup and palm syrup/2.5:l:l.5) and fatty components (sunflower oil, lecithin and glycerol/l:0.2:2) 
(Estivez et al., 1995). Therefore, the average content of simple sugars is normally very high, thus hampering their 
large consumption for different categories of people. However, cereal bars remains an important food in the 
category of snacks (Tettweiler, 1991). In order to manufacture a functional sugar-free bar with improved nutritional 
parameters, we developed a protocol by mixing xanthan gum and erythritol in water to serve as binder. These 
components were dispersed firstly with high shear in a planetary mixer, thus producing a thickened foam that was 
poured into the cooker (Figure 1A, B). Then, a mixture of dried components (goji berries, flax seeds, sunflower seeds, 
oat flakes, chopped chestnuts, sunflower seeds and a high-protein pumpkin flour) was added into the cooker (Figure 
1C). The suspension was stirred at 30 rpm for 45 min at 100°C to produce a homogeneous dough (Figure 1D). 
Finally, the dough was recovered and moulded in a stainless-steel tray (Figure 1E), manually cut into bars and 
packed. Notably, we found that the innovative binder efficiently assembled the ingredients, which resulted 
homogeneously distributed in the different bars (Figure 1F).  
 
 
Figure 1. Pilot scale production of sugar-free cereal bars. A. Industrial cooker equipped with a double 
jacked stainless-steel vessel and a mixing system. B. The innovative binder (a mixture of xanthan gum 
and erythritol) poured off into the cooker. C. Addition of dried components (goji berries, flax seeds, 
sunflower seeds, oat flakes, chopped chestnuts, sunflower seeds and high-protein pumpkin flour) 
and continuous stirring. D, Dough formed. E. Dough moulded in a stainless steel tray and manually 
cut into bars. F, Appearance of experimental bars. 
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 Nutritional parameters 
 We developed a recipe that included the innovative binder along with classical components having known 
bioactive properties. The food composition of the experimental bar and nutritional parameters were reported in 
Table 1. Goji berries are characterised by both antioxidant and immunomodulatory functions associated to its sugar 
component (Tian et al., 2019). Sunflower seeds are well known for its high content of polyphenols, polyunsaturated 
fatty acids and Vitamin E, thus showing important antioxidant properties (Guo et al., 2017). Similarly, flax seeds are 
characterised by high levels of polyunsaturated fatty acids, as well as by fibres with known health benefits (Shayan 
et al., 2020). Oat flakes are present in different commercial bars, mainly because oat is the most protein-rich cereal 
and has high levels of -glucan, a health-promoting soluble fibre. Pumpkin seeds, another widely used ingredient, 
have an optimal content of polyunsaturated fatty acids and noble proteins (Nourmohammadi et al., 2017). 
Importantly, we used a high-protein pumpkin seed flour to increase the overall protein content in the final product 
(Table 1 and Table 2). Another peculiarity of our recipe was the use of chopped chestnuts, aimed at enriching the 
dough for minerals and starch. The latter component could better counterbalance the absence of simple sugars, thus 
making this innovative bar also suitable for the diet of athletes or people who need to increase their energy intake. 
In table 2, we showed the nutritional profile of the experimental bar in comparison with a commercial cereal bar. 
Moisture, calculated by LoD, resulted essentially unchanged, as well as estimated calories. Importantly, 
experimental bars showed higher levels of proteins and fat, the latter being mainly unsaturated lipids (Table1), and 
healthy fibres. On the other hand, the proven ability of the xanthan gum/erythritol mixture to work as functional 
binder was instrumental for drastically lowering the carbohydrate content. However, by considering the high 
percentage of unsaturated fatty acids in the final recipe, further studies remain to be performed to find appropriate 
package conditions able to better preserve the shelf life of the innovative bars. 
 
Table 1. Food composition of sugar-free bars (g/100g)* 









goji berries 12 0.4 0.05 2 51 11 286 13.7 
chopped 
chestnuts 
5 3.9 0.74 78.4 0 0 369 4.5 
oat flakes 8 7.5 1.3 66.2 0 8.3 373 13.1 
sunflower seeds 20.7 51.5 4.5 8.7 2.6 8.6 584 25.2 
flax seeds 18.3 42.2 3.66 0 1.55 27.3 534 7.4 
pumpkin seed 
flour 
60.7 11.2 2.1 5.2 2.6 12.7 390 25.2 
binder (xanthan 
gum + erythritol) 
0 0 0 0 0 0 24 10.9 
*Data were derived from USDA Food data Central (U.S. department of Agriculture, Agricultural research Service) or directly from Nutrition fact 
labels. 
Table 2. Nutritional profile of control and sugar-free cereal bars 
100 g Control Cereal Bar* Experimental Bar** 
moisture*** 7.7 g 7.6 g 
energy 410.0 kCal 437.1 kCal 
protein 5.0 g 27.7 g 
fat 10.0 g 24.8 g 
carbohydrate 75.0 g 26.7 g 
fiber <1 g 8.7 g 
*Kellog’s cereal bar (https://platform.fatsecret.com/api/); **derived from Table 1; ***LoD method. 
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 Descriptive sensory and texture analysis 
 Panelists focalised on the following parameters (Carvalho & Conti-Silva, 2018): appearance (amount of cereal 
flakes identified on a 10 g portion); dark colour; aroma; sweet taste; oat flavour; bitter taste; hardness (minimum 
force necessary to compress the sample between teeth); chewiness (ease of chewing and dissolve the bar in the 
mouth to be swallowed); crispness (intensity of noise heard during mastication of the product); adhesiveness 
(product ability to adhere to the tooth while chewing). As shown in Fig. 2, DSA of commercial bar was characterised 
by a significantly reduced aroma, most probably related to the use of chopped chestnuts. The flavour features were 
essentially preserved in the sugar-free experimental bar. Interestingly, texture parameters significantly changed. In 
particular, the experimental bar showed significantly reduced hardness, crispness and adhesiveness (Figure 2). We 
speculated that these changes were related to the use of the new binder in the dough. In addition, we assumed that 
the modified texture could positively influence the healthy features of the experimental bar. In fact, a reduced 
hardness made the foodstuff easier to dissolve in the saliva. In addition, a reduced adhesiveness from the teeth or 
palate certainly represents an important improvement for a cereal bar. 
 
 
Figure 2. Descriptive sensory analysis of appearance, dark colour, aroma flavour (sweet and bitter 
tastes, oat flavour), and texture features (hardness, chewiness, crispness, adhesiveness) of control 
cereal bar (dotted line) and experimental sugar-free cereal bar (continuous line). Values were the 
mean of six evaluations from ten panelists and were representative of three independent tests. *, P < 
0.05; *** P < 0.001 
 
 In vitro assay of the antioxidant properties of cereal bars 
 We used the human enterocyte line Caco-2 as a cell model to analyse in vitro the effect of experimental bars on 
the cell RedOx status (GSH content) and on the activity of a phase 2 enzyme (GSR) involved in the reduction of the 
intracellular pool of oxidized glutathione (Luongo et al., 2017). In particular, we focused on the polyphenol 
components that were present in the experimental bar. Sunflower seeds were designed as positive control 
(Karamać et al., 2012). In fact, among dietary plant products, sunflower seeds are characterized by high antioxidant 
potential (Halvorsen et al., 2002). As shown in Figure 3 (upper panel), a significantly higher GSH yield was measured 
in Caco-2 cells pre-treated with both polyphenol extracts, thus suggesting changes in the cellular RedOx status. 
Interestingly, this finding was associated with an increased activity of GSR (Figure 3, bottom panel). Together, these 
results indicated the maintenance of the analysed functional property in the finished product.  
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Figure 3. Antioxidant activity in vitro. Intracellular total glutathione (GSHtot; upper panel) and 
glutathione reductase (GSR; bottom panel) levels in Caco-2 cells challenged with a polyphenolic 
extract of experimental bar or sunflower seeds (positive control). Analytic levels, evaluated in 
cytoplasmic extracts, were expressed as nmoles mg/min/ml (GSH) or nmoles mg/min (GSR). Data 
were shown as box and whisker plots, where the middle bar represents the mean, the bottom and 
top of the box are the first and third quartiles, respectively, and whiskers indicate the range of the 
data from triplicate analyses on three different cultures; control, untreated Caco-2 cells; *P < 0.05. 
 
CONCLUSIONS 
The average content of simple sugars is very high in traditional bars, causing different health problems that limits 
its large consumption. Therefore, we set up an industrial protocol by mixing xanthan gum with erythritol to produce 
an innovative sugar-free binder. Through a careful choice of matrices, nutritional parameters have also been 
improved. Both technological and sensory parameters, as well as the in vitro health assessment, confirmed the 
validity of the proposed foodstuff. Taken together, our results pave the way for manufacturing innovative cereal 
bars with functional properties, widely requested by a market increasingly focused on the health parameters of the 
product. 
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